Rapid postnatal growth and differentiation of fetal arterial smooth muscle is coordinated by a cacophony of growth factors, one of the most important of which is vascular endothelial growth factor (VEGF). In fetal arterial smooth muscle, VEGF influences both the expression and intracellular organization of contractile proteins and helps mediate hypoxic vascular remodeling. Numerous factors influence the expression of VEGF and its receptors, including chronic hypoxia, maternal food restriction, glucocorticoids, and miRNA. Continued study of the coupling between VEGF and transcription factors such as myocardin that govern smooth muscle differentiation, offers great promise for better clinical management of neonates at risk for cardiovascular dysregulation.
Introduction
One of the most impressive accomplishments of modern medicine is the ability to sustain and manage extremely small infants born very prematurely. An increasing number of these small patients are now populating Neonatal Intensive Care Units (NICU) around the world, and many survive and even prosper into early childhood and beyond. However, a major early challenge faced by many of these premature infants is cardiovascular instability, altered vascular reactivity to most drugs, and an increased tendency for brain arteries to rupture, leading to intracranial hemorrhage and hypoxic ischemic encephalopathy. 1 How the immature vascular system responds to environmental stresses and injury, even if there is no immediate pathology, may also have a major influence on cardiovascular health and vitality in the adult years, as suggested by the Barker Hypothesis. 2 Indeed, the very factors that predispose an infant to premature birth may also enhance the chances for coronary artery disease and cerebral stroke in later www.clinicalobgyn.com | 537 life. 3 Thus, the study of early vascular development also offers unique access to the growth-related and proliferative processes that govern not only blood vessel maturation but also contribute to adult vascular pathologies such as atherosclerosis. 4 And of course, improved understanding of vascular function and regulation in the neonate can only facilitate the efforts of those working to improve strategies for clinical management of NICU infants.
CONTRACTILE SPECIALIZATION IN THE FETAL VASCULATURE
A key feature of the fetal vasculature is its unique structural and functional differences from the adult vasculature. When contractile capacity is determined by exposure to potassium, which is a receptor-independent method of contraction, contractile force per unit length of artery typically increases with postnatal age in direct proportion to artery diameter and wall thickness. Correspondingly, when the potassium-induced increases in contractile force are normalized relative to the crosssectional area of the artery wall, postnatal age has relatively little effect on receptorindependent contractile capacity. 5 In contrast, postnatal age has major effects on the contractile responses to many receptor-dependent agonists. For example, the contractile potency of norepinephrine, when normalized relative to tissue contractile capacity, decrease markedly with postnatal age in an artery-specific manner ( Fig. 1 ). For serotonin, the effect is different; postnatal maturation decreases efficacy in the common carotid but increases it slightly in the middle cerebral artery. Thus, the effects of postnatal maturation on vascular reactivity are highly dependent upon both the contractile agonist and the specific vascular bed. This heterogeneity suggests that receptor coupling to the contractile proteins is under developmental control and is finely specialized to meet the functional requirements of each vascular bed in the fetus, as in the adult. In turn, the ability of calcium to stimulate myosin light chain phosphorylation (thick filament reactivity) and the ability of phosphorylated myosin light chain to interact with actin (thin filament reactivity) is also under tight developmental control. 8 The mechanisms mediating this control, however, remain uncertain but most probably involve the growth factors and trophic influences that govern smooth muscle differentiation.
Not surprisingly, the rapid rates of growth and differentiation typical of immature arteries also have important consequences for the specialized functions of the vascular endothelium. In addition to agedependent changes in the endothelium's role in angiogenesis and trophic support of vessel development, the endothelium's critically important barrier functions improve dramatically with postnatal age as indicated by increased density of functional tight junctions and concomitant increases in expression of tight junction proteins such as occludin in certain vascular beds. 9 Similarly, endothelial regulation of hemostasis is also age-dependent, such that endothelial content of pro-coagulant factors are generally greater in immature than mature arteries, 10 which suggests that the thrombotic risk of many neonatal procedures, such a catheterization, may be greater than in adults. Conversely, the ability of the endothelium to promote vasodilatation may be attenuated in immature arteries 11 because of a reduced abundance and enzyme-specific activity of endothelial nitric oxide synthase ( Fig. 2 ). Equally important, the ability of shear stress produced by fluid flow across endothelial cells to stimulate nitric oxide (NO) production and release appears to be downregulated in fetal arteries compared with adult arteries. 12 Although the reduced ability of immature arteries to release NO may be counterbalanced by an increased ability to produce and release vasodilator prostanoids in some, 13 but not all 11 species, it is generally true that immature arteries have a greater abundance of soluble guanylate
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Pearce and Khorram cyclase 14 and thus can exhibit increased reactivity to NO 15 and thereby offset the reduced NO release, characteristic of immature vascular endothelium. Caution must be exercised, however, when drawing generalizations about the effects of postnatal maturation on endothelial function, given that it is notoriously heterogeneous among different vascular beds and species. 16 Correspondingly, postnatal maturation can influence this heterogeneity, as indicated by age-dependent changes in the ability of some agonists to promote endothelium-dependent vasodilatation. 11 However, the growth factors and environmental influences that control endothelial function remain poorly understood, but their study remains an active and promising area of current research with numerous clinical implications.
NUMEROUS FACTORS GOVERN VASCULAR SMOOTH MUSCLE GROWTH AND DIFFERENTIATION
A broad variety of growth factors work in concert to regulate the growth and . Fetal contractility is highly specialized but fully functional. The full-term fetus is fully capable of regulating arterial pressure, but the vascular component of this regulation is very different than in adults. For some contractile agonists, contractility reactivity is upregulated in the fetus compared with the adult. For norepinephrine (upper panels), potency is markedly upregulated in the fetal common carotid but is only slightly upregulated in the fetal middle cerebral. For serotonin (lower panels), efficacy is markedly upregulated in the fetal common carotid but is only slightly depressed in the fetal middle cerebral. These differences emphasize that vasoreactivity is highly specialized in an artery-specific manner in the fetal systemic circulation. All contractile responses were normalized relative to the maximum contractile response to potassium depolarization. Error bars indicate SEM for NZ6. 6, 7 differentiation of both the smooth muscle and endothelium ( Fig. 3 ). Many strategies have been adopted to categorize these factors into families, some of which are based on chemical characteristics (peptide and nonpeptide, heparin binding, etc.), some of which are categorized by function [fibroblast growth factor, vascular endothelial growth factor (VEGF), etc.], and others which are grouped as products of metabolism (ADP, prostaglandins, small lipids, etc.). This diversity emphasizes that both the local tissue environment and blood borne factors integrate their influences to regulate overall smooth muscle and endothelial growth, which helps explain the great diversity among cell type and vascular characteristics in different vascular beds. Equally important, this diversity is highly dynamic and changes almost continuously in response to both physiologic and to pathophysiologic perturbations.
One of the most important molecules that governs the growth and differentiation of vascular smooth muscle and endothelium is the glycoprotein VEGF. 19 This growth factor was originally identified as a vascular permeability factor but was later recognized to the same molecule identified as a potent pro-angiogenic factor, first recognized in tumor biology. 21, 22 For many years after its discovery, VEGF was considered to act mainly through activation of tyrosine kinase receptors on microvascular endothelial cells to promote angiogenesis. 19 More recent work, however, has demonstrated clearly that VEGF receptors are expressed by many different cell types and enable VEGF to exert neuroprotective 23 and neurotrophic 24 influences while also participating in the differentiation of skeletal 25 and vascular 26 muscle ( Fig. 4 ). From this perspective, VEGF can exert direct effects on smooth muscle through VEGF receptors expressed by smooth muscle 27, 29, 30 and can exert indirect effects on smooth muscle through VEGF receptors expressed by the vascular endothelium, which in turn can promote the release of NO and endothelin that can independently modulate smooth muscle growth and differentiation. 31, 32 In addition, VEGF may also promote the growth of perivascular sympathetic nerves 24 that can also exert potent trophic effects on the growth and differentiation of arterial smooth muscle. 33 One of the most potent regulators of VEGF synthesis and release is hypoxia. When tissue oxygen tensions fall, the transcriptional coactivator HIF-1a accumulates, which allows it to combine with its constitutively expressed binding partner HIF-1b and then bind to hypoxia responsive elements in many gene promoters. 35 The VEGF promoter includes hypoxia responsive elements, which allows the transcription of the VEGF gene to closely follow the severity of tissue hypoxia. 36 Given that low oxygen tensions are a fundamental characteristic of the fetal circulation, it is reasonable to expect that VEGF contributes significantly toward the growth and differentiation of the fetal vasculature. To test this hypothesis, Butler et al 29 physiological concentration of VEGF (3 ng/mL), these studies demonstrated significant and age-specific effects of VEGF on contractility, abundance, and intramural distribution of multiple smooth muscle contractile proteins [smooth muscle a-actin, myosin light chain kinase (MLCK), and regulatory myosin light chain]. More specifically, evidence from this study advanced the ''gradient hypothesis,'' which posits that the lumen-to-adventitial gradient in smooth muscle morphology and protein expression is the result of bidirectional gradients in trophic factors released from the vascular endothelium and the tissue parenchyma, respectively. Because the effects observed in organ culture occurred in the absence of any other growth factors in the culture media, the effects were unambiguously attributable to the actions of VEGF. Equally important, these studies also demonstrated that mRNA for both main VEGF receptors (Flk-1 and Flt-1) were expressed in fetal carotid arteries at abundances that were significantly greater than observed in corresponding adult arteries.
In another test of the hypothesis that VEGF contributes significantly to the growth and differentiation of the fetal vasculature, Hubbell et al 30 explored the ability of VEGF to modulate smooth muscle phenotype, as indicated by the expression of smooth muscle myosin heavy chain (MHC) isoforms. In addition, these studies also examined the hypothesis that responses to chronic hypoxia should be more pronounced in fetal than adult arteries by virtue of the lower oxygen tensions in fetal arteries. The results demonstrated that chronic hypoxia increased expression of the nonmuscle isoform of MHC, and this effect was more pronounced in fetal than adult arteries. Conversely, the results also indicated that hypoxia depressed expression of the smooth muscle isoform of MHC in fetal arteries but increased its expression in adult arteries. Together, these results . VEGF exerts trophic effects on vascular smooth muscle. The traditional view of VEGF held that this growth factor acted largely on the microvascular endothelium to promote angiogenesis. 19 More recent evidence, however, has demonstrated a broad variety of effects of VEGF on many different cell types. 23 Most importantly, it is now clear that VEGF can act indirectly through the vascular endothelium and directly through VEGF receptors on smooth muscle cells, to influence smooth muscle differentiation. NO indicates nitric oxide; VEGF, vascular endothelial growth factor. 27,28
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Pearce and Khorram www.clinicalobgyn.com suggest that hypoxia transforms smooth muscle toward a more synthetic and less contractile phenotype in fetal arteries but promotes a more contractile phenotype in adult arteries. In carotid arteries organ cultured with VEGF, the fetal arteries again exhibited phenotypic transformation toward a more synthetic phenotype but only a few changes in MHC abundance were observed in adult arteries. These findings thus supported the VEGF hypothesis in fetal arteries but suggested that additional factors must be involved in adult arteries.
To examine the hypothesis that vascular differentiation involves changes in not only the abundances of contractile proteins but also in their intracellular organization, the Hubbell study 30 also employed confocal microscropy to quantitate the effects of maturation, chronic hypoxia, and VEGF on colocalization among MHC isoforms and the smooth muscle a-actin cytoskeleton. For these measurements, the effects of chronic hypoxia and organ culture were closely similar in both fetal and adult arteries. Both hypoxia and VEGF decreased colocalization of nonmuscle isoform of MHC with a-actin in fetal arteries but had no effect on this colocalization in adult arteries. For the colocalization of smooth muscle isoform of MHC with a-actin, neither hypoxia nor VEGF had any effect in fetal arteries, but both treatments decreased colocalization in adult arteries. These findings emphasize on several points. First, contractile protein abundance and organization appear to be independently regulated, and contraction may be more closely dependent upon the organization than the simple abundance of contractile proteins. Second, both chronic hypoxia and VEGF transform smooth muscle phenotype in an age-dependent manner; these effects in fetal arteries are more prosynthetic but in adult arteries are more pro-contractile. Third, VEGF can explain many of the effects of chronic hypoxia on smooth muscle phenotype and to a greater extent in fetal than adult arteries.
The hypothesis that VEGF helps mediate the effects of hypoxia on fetal vascular smooth muscle requires that VEGF is able to exert a sustained effect over relatively long periods of time. In response to chronic hypoxia, most arteries undergo major structural and functional changes (hypoxic vascular remodeling) that persist as long as hypoxic exposure continues. 37 Typically, however, sustained hypoxia promotes a transient increase in VEGF that returns to baseline within 3 weeks, even in the presence of continued hypoxia. 38 For VEGF to help maintain hypoxic vascular remodeling even after VEGF levels have returned to baseline, the VEGF receptor levels must be upregulated in arterial smooth muscle, as proposed to occur in pulmonary vascular endothelial cells. 39 To test this hypothesis in large nonpulmonary arteries, Adeoye et al 27 examined the effects of 110 days of chronic hypoxia on both VEGF and VEGF receptor levels in fetal lamb carotid arteries. These studies revealed that as suggested by previous studies, VEGF levels were not different in hypoxic and normoxic fetal arteries. In contrast, the abundances of the Flk-1 and Flt-1 receptors were both >2-fold greater in hypoxic than in normoxic fetal arteries. These results advance the hypothesis that VEGF continuously contributes to hypoxic vascular remodeling through a transient increase in VEGF levels and a sustained increase in VEGF receptors.
To further explore the hypothesis that chronic hypoxia and VEGF independently regulate contractile protein abundance and organization within the arterial smooth muscle, the Adeoye study also compared abundance and confocal colocalization for smooth muscle a-actin, MLCK, and regulatory myosin light chain. These results demonstrated that at least for these contractile proteins in fetal carotid arteries, the effects of VEGF Fetal Vascular Maturation 543 could almost fully replicate the effects of chronic hypoxia on both protein abundance and colocalization. 27 In addition, these studies again revealed that the effects of VEGF and chronic hypoxia on contractile protein abundance and colocalization were not consistently correlated (Fig. 5) . In some cases, colocalization changed with no change in abundance (see MLCK-actin and MLC20-actin panels in Fig. 5 ). In other cases, abundance changed with no change in colocalization (see MLCK-actin panel in Fig. 5) . In yet other cases, abundance and colocalization changed in opposite directions. Together, these findings emphasize that contractile protein abundance is regulated independently from its organization and distribution within the smooth muscle cell. In relation to contractile function, contractile protein organization may be a much more important determinant than simple contractile protein abundance.
MODULATORS AND MEDIATORS OF VEGF'S EFFECTS
Aside from the unknown mechanisms through which VEGF may influence contractile protein organization and distribution within the fetal vascular smooth muscle cell, many other aspects of VEGF biology also remain highly uncertain. Numerous physiological factors can increase or decrease the levels of VEGF and/or its receptors independent of hypoxia. For 
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Upper Panel FIGURE 5 . Hypoxia and VEGF differentially influence contractile protein abundance and colocalization. Numerous studies of smooth muscle cell function have focused on the relative abundances of key contractile proteins such as smooth muscle a-actin, myosin light chain kinase, and regulatory myosin light chain (MLC20). A common view was that as abundances of these proteins increased, so would their integration into the contractile apparatus. Recent work, however, suggests that contractile protein abundance and its integration with other contractile proteins may be independently regulated. Shown here are measurements of abundance and colocalization made within the same artery segments under control conditions, after organ culture with VEGF, or after acclimatization to chronic hypoxia. As evident from these data, the relations between abundance and colocalization are not tightly coupled, vary with developmental age, and are highly protein specific. Error bars indicate SEM for NZ5 in all cases. For details, please see. VEGF indicates vascular endothelial growth factor. 27, 30 example, maternal food restriction has been shown to depress angiogenesis in the neonatal offspring, which in turn was associated with decreased expression of VEGF. 40 How maternal food restriction may reduce VEGF expression is uncertain, but one hypothesis is that maternal food restriction may increase maternal glucocorticoid levels, 41 which in turn may depress VEGF expression. 42, 43 Other studies, however, suggest at best a minor role for glucocorticoids in the fetal vascular effects of maternal food restriction. 44, 45 As an alternative to the glucocorticoid hypothesis, it has recently been proposed that the depressant effects of maternal food restriction on VEGF and angiogenesis in offspring are secondary to altered expression of miRNA molecules. 46, 47 Correspondingly, maternal food restriction has been shown to significantly alter numerous miRNA species with the potential to influence angiogenesis and vascular development in a highly age-dependent manner. 46 Although the precise molecular mechanisms that couple maternal food restriction to altered patterns of miRNA expression remain unclear and under active investigation, ongoing studies of vascular miRNA metabolism offer great promise in elucidating how environmental influences such as hypoxia and food restriction can lead to altered vascular structure and function in the fetus. [47] [48] [49] Independent of the many factors that govern the synthesis and expression of VEGF are the multiple pathways that mediate its intracellular effects. VEGF receptors belong to the tyrosine kinase family of cell surface receptors and are subject to regulation by diverse physiological and pathophysiological influences, particularly those that involve the Ets family of transcription factors and/ or those that increase intracellular cAMP. 50 Activated VEGF receptors can couple to intracellular pathways through activation of small G proteins and MAP kinases, through activation of phospholipase Cg, through the PI3K-Akt pathway, and through other less common pathways. 19, 28 These cytosolic pathways, in turn, typically converge on a relatively small number of transcription factors intimately involved in regulation of endothelial and smooth muscle phenotype. 4, 51 In this context for smooth muscle, the transcription factors of greatest importance are ternary complex factor, serum response factor, Elk-1, and myocardin. 52, 53 Indeed, the discovery of myocardin and its related transcription factors has in many ways revolutionized understanding of the control of smooth muscle differentiation and phenotype (Fig. 6 ). How VEGF couples to activation of myocardin and the other nuclear factors that govern smooth muscle differentiation remains unknown but it is a highly active area of current research, certain to provide many new insights into how fetal vascular differentiation is regulated, how it is influenced by environmental and potentially epigenetic influences, and how these process vary between immature and mature arteries.
Conclusions and Overview
The extra-pulmonary fetal vasculature is highly specialized for life in utero, and as such, exhibits major structural and functional differences when compared with mature adult arteries. Fetal arteries are often more sensitive to contractile agonists but exhibit depressed endothelial function, relative to adult arteries. The smooth muscle and endothelial cells of term fetal arteries are typically less than half the length and width of corresponding adult cells but grow very rapidly during postnatal life. This rapid growth involves major changes in both vessel structure and function that are highly specific for each vascular bed. These many changes are coordinated by a virtual cacophony of growth factors released Fetal Vascular Maturation 545 locally by parenchymal tissues and remotely into the circulating blood stream.
One factor that appears to be particularly important in fetal vascular development is VEGF, once thought to control mainly microcirculatory angiogenesis. Recent evidence, however, demonstrates that VEGF serves many functions in multiple nonendothelial cell types including large artery smooth muscle. In this latter cell type, VEGF independently influences both the expression and the intracellular organization of contractile proteins in a highly age-specific manner. VEGF contributes significantly to hypoxic vascular remodeling and in the fetal vasculature, can replicate many of the structural and functional effects of chronic hypoxia. Numerous factors can influence the expression of VEGF and its receptors, including chronic hypoxia, maternal food restriction, glucocorticoids, and miRNA. Similarly, multiple mechanisms influences the mechanisms that couple VEGF receptors to activation of cytosolic kinases and transcription factors involved in control of smooth muscle phenotype and differentiation. Continued study of this coupling, particularly that involving the transcription factor myocardin, offers great promise for better understanding of the processes that regulate fetal 6 . Myocardin-like transcription factors regulate smooth muscle phenotype. Understanding of the regulation of smooth muscle phenotype was advanced significantly by the discovery that the coactivator myocardin participates in the activation of transcription for a majority of genes that code for contractile proteins in smooth muscle. 54 This discovery brought together the roles of ternary complex factor, serum response factor, and myocardin in a hierarchy that was consistent with known patterns of smooth muscle phenotype control obtained from studies of wound repair, atherosclerosis, tumor vasculogenesis, and Alzheimer disease. The discovery of myocardin has thus helped unify these fields and stimulated many new insights into how both physiological and pathologic stimuli influence smooth muscle differentiation. For details, please see. 52, 53 vascular maturation and how these processes may be manipulated therapeutically for better clinical management of neonates at risk for cardiovascular dysregulation.
